ABSTRACT
C
hronic musculoskeletal pain is very common in the general elderly population, with a prevalence up to 50%-60%. Experienced chronic joint pain does not always reflect the extent of objective pathology. [1] [2] [3] [4] Central sensitization plays an important role in the development of chronic joint pain. Chronic pain and central sensitization result in higher vulnerability for developing chronic pain at multiple sites and higher sensitivity for painful stimuli. 5 Differences in pain processing may be expressed in functional and structural changes in the nervous system. MR imaging allows us to identify brain regions involved in this process of central sensitization, which can provide more insight into chronic pain.
Previous studies that examined structural brain alterations in chronic pain focused on a variety of pain phenotypes, such as migraine, back pain, osteoarthritis, and fibromyalgia. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Typically, the study size was small; the largest studies included approximately 100 subjects. The small sample sizes of these studies led to a modest statistical power, thereby influencing the reproducibility of the results. 16 In addition, all previous reports had a case-control design, which selected individuals who were referred to the clinic as chronic pain cases. As a result, many different areas were shown to associate with a particular pain phenotype but only a few areas of the brain showed consistent associations. For example, the thalamus was found to be positively associated with chronic low back pain by Schmidt-Wilcke et al 17 but negatively associated with chronic low back pain by Apkarian et al. 18 Regions that are part of the limbic system and signaling pathway were among the identified pain-associated brain areas. Furthermore, each different pain phenotype showed different patterns of structural brain changes, with some overlapping regions, for example, the hippocampus. 7 Despite the possible identification of structural brain alterations in these selected clinical cases, it remains unclear which brain regions are morphologically altered in chronic pain in the general population. Therefore, in this study, after review of the existing literature, we attempted to replicate previous identified regions to find brain structures robustly associated with musculoskeletal pain. Individuals with chronic pain are shown to be more sensitive to experimental pain stimuli. Central sensitization can be detected by lower pain thresholds. [19] [20] [21] The stimulus response curve is shifted to the left, which results in lower pain thresholds or higher reported pain intensity scores for a stimulus. The spread of central sensitization, manifested because general hyperalgesia is one of the fundamental processes in the development of chronic pain. [22] [23] [24] [25] Lower pain thresholds, as part of central sensitization, might be associated with structural brain changes. Thus far, the relation between experimental pain and structural brain alterations has only been studied in 1 study of 80 healthy individuals. 26 In addition, Seminowicz et al 27 showed, in a rat model for longterm neuropathic pain, that thermal and mechanical hyperalgesia is associated with structural brain changes. Given the high prevalence of chronic musculoskeletal pain in the elderly and the burden of chronic musculoskeletal pain on quality of life, more insight into the pathophysiology is necessary to understand chronic pain in the general population and improve treatment options. In this study, we examined, in a large population-based cohort study, the association of chronic musculoskeletal pain and heat pain thresholds with MR imagingbased structural brain changes. We studied changes in global and lobar brain volumes and, in addition, specific brain regions previously reported to be associated with musculoskeletal pain phenotypes.
MATERIALS AND METHODS

Study Population: The Rotterdam Study
The Rotterdam Study is a large prospective population-based cohort study of persons ages 45 years and older. The study design and rationale are described elsewhere in detail. 28 In summary, the objective of the Rotterdam Study is to investigate the determinants, incidence, and progression of chronic disabling diseases in the elderly. The first cohort, Rotterdam Study I consisted of 7983 persons ages Ն55 years and was initiated in 1989. This study population was extended in 2000, which added 3011 participants in Rotterdam Study II and, in 2005, added another 3932 subjects ages Ն45 years in Rotterdam Study III. All the participants were examined in detail at baseline. In summary, a home interview was conducted, and the subjects had an extensive set of examinations at the research center. The participants in the study as presented here were derived from the Rotterdam Scan Study, 29 an ongoing populationbased cohort study that investigated brain changes on MR imaging, which is embedded in the Rotterdam Study. 
MR Imaging Acquisition and Processing
MR imaging scanning was performed on a 1.5T-scanner with an 8-channel head coil (GE Healthcare, Milwaukee, Wisconsin). An extensive description of the scan protocol is provided elsewhere.
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In short, the protocol included a T1-weighted sequence, a protonattenuation weighted sequence, and a fluid-attenuated inversion recovery sequence. 26 This procedure automatically assigns a neuroanatomic label to each voxel in an MR imaging volume based on probabilistic information obtained from a manually labeled training set. FreeSurfer was used with the default parameters, including skull-stripping and using the automatically generated brain mask.
Review of the Literature and Selection of Candidate Replication Regions
We systematically searched the literature by using the PubMed data base on July 7, 2014, with search terms "structural and brain and MR imaging and chronic and pain." In addition, we screened the references of included articles to extend the search. The review of literature identified 83 articles, of which 68 articles were excluded based on the following selection criteria: 1) the article represents original data, and 2) the trait of interest is musculoskeletal pain. Finally, 15 studies were included in the total review.
Assessment of Chronic Joint Pain
All the participants completed a pain homunculus to report chronic painful sites in the body. The pain homunculus showed a picture of the front and the back of the human body. The participants were asked the following question, "Did you have pain anywhere in your body, for at least half of the days, during the last six weeks?" Circles were drawn by the participant around the painful areas. The homunculi were scored by using a template that assigned 14 different joint pain regions (eg, neck, shoulders, elbows, hands, low back, hips, knees, feet). Chronic joint pain was defined as subjects having one or more painful sites. Furthermore, participants should have visited a medical physician at least once for this chronic joint pain. This information was derived from the questionnaire during the home interview.
In addition, because we used a more heterogenic pain phenotype compared with previous studies, we defined 3 chronic pain phenotypes to be able to compare our results better with previous literature. The phenotypes examined in the studies, also selected for the review, were fibromyalgia, chronic low back pain, and hip osteoarthritis pain. Because we did not have data on fibromyalgia, we used chronic widespread pain as a proxy. Chronic widespread pain was defined as subjects having pain in the left side of the body, in the right side of the body, above the waist, below the waist, and in the axial skeleton (by following the Fibromyalgia Criteria of the American College of Rheumatology). 32 Hip osteoarthritis pain was defined as a Kellgren-Lawrence score of Ն2 and chronic pain in the same hip. Controls in these analyses were individuals without chronic pain.
Heat Pain Threshold Measurement
For the measurement of heat pain threshold, we used a commercially available thermosensory analyzer, the TSA II (Medoc Advanced Medical Systems, Durham, North Carolina). The probe, with a surface of 2 cm by 2 cm was placed on the ventral site of the nondominant forearm. The start temperature of the probe was 32°C. The temperature increased by 2°C per second, and the participant was asked to push a large quiz button when the temperature became painful. This measurement was repeated 5 times; the mean of the last 3 measurements was used. Because this was measured approximately 5 years after the brain MR imaging was acquired, we included only those individuals with a stable pain state. Individuals with chronic pain at both the time of brain MR imaging and chronic pain at the time of the heat pain threshold measurement were considered as cases, individuals without chronic pain at both time points were considered as controls.
Population for Analysis
A total of 4898 participants who were part of Rotterdam Study I, Rotterdam Study II, or Rotterdam Study III were invited to undergo an MR imaging. We excluded individuals who had dementia (n ϭ 30) or had MR imaging contraindications (n ϭ 389). Of 4479 eligible persons, 4082 (91%) participated. Due to physical inability, imaging could not be performed in 44 individuals. Of 4038 persons with complete MR imaging examinations, 59 had to be excluded because of motion artifacts or susceptibility artifacts on their scans, which left 3979 persons with complete brain MR imaging. Pain data were not available for 87 of these persons, whereas data on the need for medical treatment for the pain medication was not available for 516 individuals, which left 3376 persons for the analyses. For the association analysis with the heat pain threshold measurements, a subset of 839 individuals with a stable pain state as described above was used.
Statistical Analysis
Linear regression models were used to test the association between chronic musculoskeletal pain, heat pain thresholds, and brain volumes. We calculated z scores (X -mean/SD) of the brain volumes to allow direct comparability between the various effect estimates for the analyses between pain and the different brain structures. Z score standardization is done in the common way by (brain volume -mean brain volume)/SD. Because previous studies found differences on pain-associated regions between the sexes, we stratified for sex and adjusted for age, intracranial volume, and the presence of depression according to the self-reporting Center for Epidemiologic Studies Depression scale, defined by a score of Ͼ16. SPSS version 21.0 (SPSS Statistics for Windows; IBM, Armonk, New York) was used for the association analysis. The null hypothesis tested was that there is no difference in brain volumes in the studied structures between individuals without chronic musculoskeletal and those with chronic musculoskeletal pain. The second hypothesis tested was that brain volumes of the studied structures are not associated with heat pain thresholds. A P value of Ͻ.05 was considered statistically significant.
Association Analysis with Chronic Musculoskeletal Pain and Heat Pain Threshold
First, we performed an association analysis without hypothesizing where to expect structural alterations in the brain in chronic joint pain. Therefore, we investigated the association of global volumes of gray and white matter with chronic joint pain. Next, we segmented the brain into the 4 main lobes (frontal, temporal, parietal, and occipital). Gray and white matter volumes in the different lobes were then studied for the association with chronic joint pain. Subsequently, we investigated the association of chronic joint pain with the volumes of the selected regions reported in the literature (Table 1) .
In the effort to replicate previous findings, we examined the association of chronic widespread pain as a proxy for fibromyalgia, chronic low back pain, and hip osteoarthritis pain with brain region volumes in our sample. In addition, we investigated the association of the brain region volumes with heat pain thresholds.
RESULTS
Population characteristics for the 3892 persons with brain MR imaging and chronic pain information are shown in Table 2 . The prevalence of chronic pain and depression was higher in women compared with men, and the total intracranial volume was smaller in women. Heat pain thresholds were higher in men compared with women (48.0°C vs 46.6°C).
Chronic Joint Pain and Global and Lobar Brain Volumes
The associations between chronic musculoskeletal pain and global and lobar brain volumes are shown in Fig 1. No significant association between chronic musculoskeletal pain and total brain volume was observed in the overall population.
When we stratified according to sex, we observed a significant association with total gray matter in the women. Total gray matter was smaller in women with chronic pain (difference in Z score, ␤ ϭ Ϫ0.066; P ϭ .016). When we divided the brain into the 4 main lobes, this lower gray matter volume was found to be primarily located in the temporal lobe (␤ ϭ Ϫ0.086, P ϭ .005) and the frontal lobe (␤ ϭ Ϫ0.060, P ϭ .039). In the men, we did not find differences in global brain volumes between participants with and those without chronic pain. Excluding participants with depression defined by a Center for Epidemiologic Studies Depression scale score of Ͼ16 (81 men, 247 women) in the sensitivity analysis did not alter these effects.
Chronic Joint Pain and Predefined Brain Regions
Next, we focused our analysis on volumes of specific brain regions that were previously reported in the literature as being associated with musculoskeletal pain phenotypes ( Table 1) . These regions were selected on the basis of a systematic review. In total, 15 studies that assessed the relationship between brain structures and chronic pain were included in this review. 9, 11, 14, 17, [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] All brain regions previously reported to be significantly associated with chronic pain are shown in the On-line Table, together with the direction of the effect. We decided to include the brain regions that were reported to be associated with musculoskeletal pain at least twice. The 11 selected regions are shown in Table 1 , together with the sample size of each study, which were all fewer than 100 individuals. Segmentation of the 11 brain regions was done in 4898 individuals with the use of FreeSurfer software. We observed a significantly smaller hippocampal volume in women with chronic musculoskeletal pain (␤ ϭ Ϫ0.099, P ϭ .002), whereas men showed a similar trend, though this did not reach significance (Fig 2) . When data for men and women were analyzed together, a highly significant association was seen (␤ ϭ Ϫ0.092, P ϭ 4.69 ϫ 10 Ϫ4 ).
We next studied specific pain subtypes to mimic earlier reports. We studied chronic widespread pain, chronic low back pain, and hip osteoarthritis pain separately as determinants for brain region volumes. For the analyses of chronic widespread pain and hip osteoarthritis pain, we observed similar effect directions for hippocampal volume but only for chronic low back pain was statistical significance reached (␤ ϭ Ϫ0.115, P ϭ .033).
Among the subset with heat pain threshold measurements, we observed only in the women, a positive association between heat pain thresholds and hippocampal volume, thalamic volume, and the volume of the anterior cingulate cortex (Fig 3) , which indicated that lower pain sensitivity thresholds, which represent central sensitization, were indeed coinciding with smaller hippocampal, thalamic, and anterior cingulate cortex volumes.
DISCUSSION
In this large population-based cohort of individuals with ages Ն45 years, we observed that chronic musculoskeletal pain was associated with a smaller global gray matter volume in the women. This smaller volume was primarily found in the temporal lobe, more specifically, in the hippocampus, part of the limbic system. In addition, again in the women, a lower heat pain threshold, which indicates higher (central) pain sensitivity, was associated with smaller volumes of the hippocampus, thalamus, and anterior cingulate cortex, regions that are involved in the limbic system and descending pain processing pathways. In the men, no significant associations between chronic joint pain or heat pain thresholds and brain volumes were observed.
To our knowledge, this is the first study that examined the association between chronic joint pain and structural brain changes in a population-based study. The number of studied patients was approximately 30 times larger than any previous study that examined the relationship between chronic pain and structural brain changes. Previous studies that examined structural brain alterations in pain consisted mostly of small and very specific clinical patient populations. [6] [7] [8] [9] [10] [11] [12] [13] 15 We used a hierarchical approach in studying brain structural differences. We first examined global brain tissue volumes and lobar volumes. Subsequently, we investigated those brain regions that were reported at least twice in the previous literature to be associated with chronic musculoskeletal pain. This strategy was chosen because previous studies showed inconsistent findings, which might be due to the different clinical pain phenotypes and low power that led to conflicting results, as highlighted previously. 16 Indeed, we were unable to replicate most of the previously implicated brain regions, which indicated that these brain regions are not consistently associated with chronic musculoskeletal pain.
The development of the brain is sex specific and influenced by sex hormones. It is shown that sex differences are also present with respect to pain processing. [44] [45] [46] [47] [48] Therefore, we stratified our analyses according to sex. In women, gray matter in the temporal lobe and, especially, in the hippocampus was smaller in those with chronic pain. The hippocampus has previously been suggested as one of the altered structures in the brain in several pain states. 6, 7 In women, this involvement of the limbic system, therefore, could indicate a more emotional coping of pain.
Smaller volumes of the hippocampus, thalamus, and anterior cingulate cortex were also associated with lower heat pain thresholds in women in our study. The thalamus is important in the descending inhibitory signaling, which is known to be compromised in central sensitization in chronic pain, 5,7 which makes our findings more plausible. To our knowledge, this is the first study that examined the association between heat pain thresholds and brain structure volumes. A limitation of the analysis of heat pain threshold and brain volumes was that the 2 measurements were done during 2 different visits, with several years in between. To minimize this time bias, we examined only those participants who had chronic pain at both visits versus those who had no chronic pain at both visits.
In this study, we examined both the presence of chronic musculoskeletal pain and also heat pain sensitivity thresholds and their relationship to structural brain alterations. The presence of chronic musculoskeletal pain is a very subjective phenotype because it is determined by using questionnaires, and there is no test to measure pain. Heat pain thresholds are closely related to the sensitivity for developing chronic pain and for having chronic pain, which, therefore, makes it a more objective measure for chronic pain. The combined use of questionnaire data and heat pain thresholds to find associations with structural brain alterations, therefore, strengthens the results.
A possible disadvantage of population-based studies is the more heterogeneous pain phenotype compared with the selected clinical populations. However, this reflects the situation in the general population and shows that central sensitization occurs not only in a selected patient population. In addition, chronic pain in community-dwelling subjects represents a huge problem, which affected 35.3% of our study population. However, its nature and cause is poorly understood, and often no apparent reason can be assigned to the chronic pain state. Studying pain in an unselected population without the selection bias of clinical reference could provide new insight in possible pathways involved in any chronic pain state. The cross-sectional aspect of this study made us unable to speculate on the brain volume changes being a cause or an effect in the pathology of chronic pain. A previous study on structural brain changes in pain related to severe hip osteoarthritis showed normalization of these differences after hip replacement surgery, which indicates that the pain is causing structural brain changes, 39 
FIG 2.
Brain volumes in regions of the limbic system and signal processing in relation to chronic musculoskeletal pain in (A) female and (B) male subjects. Plots represent ␤ and standard error. ␤ is the difference in standardized brain volume for individuals with chronic joint pain compared with those without chronic joint pain. Analyses were adjusted for age, intracranial volume, and depression. *P ϭ .002. Thal indicates thalamus; Hippo, hippocampus; Amyg, amygdala; OFC, orbitofrontal cortex; vlPFC, ventrolateral prefrontal cortex; dlPFC, dorsolateral prefrontal cortex; PCC, posterior cingulate cortex; MCC, midcingulate cortex; ACC, anterior cingulate cortex; Insula, insular cortex; S1, primary somatosensory cortex.
but larger longitudinal studies are necessary for confirmation because sample size was small in this study (n ϭ 10).
Depression coincides with chronic musculoskeletal pain, and, because both might affect the limbic system, 11 we adjusted the analysis for the presence of depression. In addition, excluding persons with depression from the model did not change the re- Quantitative sensory testing (heat pain threshold) and structural brain alterations in (A) female and (B) male subjects. Plots represent ␤ and standard error. ␤ is the difference in standardized brain volume per degree of temperature (Celsius); analyses were adjusted for age, intracranial volume, and depression. *P Ͻ .05. Thal indicates thalamus; Hippo, hippocampus; Amyg, amygdala; OFC, orbitofrontal cortex; vlPFC, ventrolateral prefrontal cortex; dlPFC, dorsolateral prefrontal cortex; PCC, posterior cingulate cortex; MCC, midcingulate cortex; ACC, anterior cingulate cortex; Insula, insular cortex; S1, primary somatosensory cortex.
sults, which indicated that our findings were not influenced by the presence of depression. Because we started our study hypothesis-free and continued examining smaller regions, we performed a considerable amount of tests, which might have led to spurious findings. If we would have used a Bonferroni correction for the statistically significant P value for the brain structures, then this would result in a P value of .05/11 ϭ .004; this is when assuming independency of the tests. Many results would still be considered statistically significant. However, not all of the tests were independent because the smaller regions were included in the larger lobes. Therefore, deciding which exact P value to use would have been challenging. In addition, the performed analyses were not hypothesis-free because we tried to replicate previous published results. Moreover, especially in the women, we showed very consistent and robust findings, with increasing effect sizes when we narrowed the examined regions.
CONCLUSIONS
In this large population-based study, we found that chronic musculoskeletal pain was associated with structural changes in parts of the limbic system in the brain. The hippocampus, especially, showed a very consistent and strong relationship with chronic joint pain and heat pain thresholds in women, which indicated a key role in the development of central sensitization and chronic pain. Structural alterations in the brain in individuals with chronic pain support the presence of central sensitization. This process of central sensitization increases the risk for a longer period of chronic pain and increases the risk for developing chronic pain at other sites. 5 These results stress the importance of a multidisciplinary and sex-specific therapeutic approach to improve successful treatment.
